High-speed digital imaging techniques and web measurements were used to investigate the meltblowing (MB) process. We evaluated fiber diameter, fiber orientation, fiber entanglement, fiber velocity and fiber acceleration between the die and collector. Three processing variables were studied: primary air pressure, die-to-collector distance and collector surface speed. Although results of this investigation are somewhat preliminary, they provide fundamental information about the MB process and increase our understanding of it.
image and a high framing rate to resolve fast fiber motions. We used a high-speed digital camera from Vision Research Inc. to acquire images as rapidly as 1,000 frames/s. The camera produced image frames with a spatial resolution as great as 512x512 pixels and 8-bit gray level resolution (256 gray levels). Electronic shuttering of the camera provided exposure times as short as 50 µs/frame. To obtain exposure times shorter than 50 µs or to obtain multiple-exposed images, a high-speed pulsed laser from Oxford Lasers, Inc. was used for illumination. The laser produced 100 watt peak power at 805 nm and pulse durations as short as 1 µs were synchronized with the camera.
Experimental

Processing
The data presented in this paper resulted from three days of MB using a 600-hole (20 inch wide) horizontal MB line and PP-3546G polypropylene resin supplied by Exxon Chemical Company. The die hole diameter was 0.0145 inch, die set back/air gap distances were 0.060 inch, and the mass throughput rate of the resin was 0.4 ghm. An attempt was made to maintain temperature profiles as constant as possible for the extruder, die and air, although small variations were unavoidable.
Three processing variables were studied. Primary air pressure at the die was varied (3.0 and 4.0 psi). The die-to-collector distance (DCD) was varied (12 and 36 inches); the former collector position represented a typical DCD whereas the latter position was intended to nearly represent the absence of a collector. The surface speed of a rotating drum collector was varied to produce two web basis weights (1.0 and 0.36 oz/yd 2 ).
Fiber Diameter Measurements
Diameters of single fibers were measured two ways. For locations closer than approximately 0.3 inches from the die, fiber diameters were measured from electronic images acquired during MB. For locations ranging from 2-12 inches from the die, fiber diameters were measured from webs using WebPro, an automated image analysis system [10] . The rotating drum collector was used to collect webs at the 12 inch location, whereas webs were collected by hand at other locations by quickly swiping a small wire screen through the fiber stream.
Fiber Orientation Measurements
Fibers were randomly selected from electronic images acquired during MB and orientation angles were measured by hand. Fibers were oriented in three-dimensional space but were projected onto a two-dimensional plane lying horizontally within the fiber stream in images. The orientation angle of the machine direction (MD) was defined to be 0 o , angles toward the cross direction (CD) on one side were defined to be negative and angles toward the CD on the other side were defined to be positive. A mean fiber orientation angle was computed using absolute values of all measured orientation angles.
Fiber Velocity/Acceleration Measurements and Visualization of Fiber Motion
Triple-exposed images were acquired using the high-speed digital camera and high-speed pulsed laser to measure fiber velocity and acceleration. The data used to calculate velocity and acceleration was the laser pulse separation time, fiber moving distance during the time interval, and the difference in fiber moving distance for two separated time intervals. Fiber velocity and acceleration were measured along the MD.
High-speed digital images also were acquired using a single laser pulse. These images allowed us to directly visualize fiber motion during MB. shows that fiber attenuation occurred extremely rapidly close to the die. The mean fiber diameter was reduced to about 15% its original size (from 368 µm to about 60 µm) after traveling only 1/4 inch from the die. Farther from the die, attenuation continued at a slower rate until a mean fiber diameter of about 10 µm was attained 2 inches from the die. Figure 2 shows that the rate of attenuation continued to decrease until the mean fiber diameter at 4 1/2 inches from the die (about 6 µm) nearly equaled its final value (about 5 µm). At distances > 4 1/2 inches from the die, however, fiber attenuation continued at a small rate. Figure 1 shows that primary air pressure and collector position had little effect on the overall shape of the fiber attenuation curve. However, Figure 2 shows that increased air pressure resulted in finer fibers at most of the locations measured. Figure 3 shows fiber diameter data obtained when the collector was positioned at a 12 inch DCD and the rotational rate of the collector was varied during web collection. Collector speeds we used produced web basis weights of 1.0 oz/yd 2 (slow speed) and 0.36 oz/yd 2 (fast speed). Again, increased primary air pressure resulted in finer fibers. In addition, Figure 3 suggests that collector speed had little effect on fiber diameter. shows that increasing primary air pressure increased fiber velocity at nearly all of the locations measured. This figure also suggests that collector position influenced fiber velocity. When the collector DCD was increased from 12 inch to 36 inches, fiber velocity far (10 inches) from the die increased. Collector position and primary air pressure seemed to have a complex effect on fiber velocity. That is, the influence of air pressure on fiber velocity appears to be greater when the collector was located closer (12 inches) to the die than when it was located farther (36 inch) from the die. Figure 5 shows maximum, minimum and mean velocity values among 20 measurements obtained at each location for one processing condition. This figure shows that the MB process is characterized by a distribution of fiber velocity values which is quite broad. Figure 5 shows that fiber velocity values are distributed through an especially wide range between 2-5 inches from the die (e.g. 41 to 82 m/s at 2.5 inches from the die). Figure 6 summarizes mean fiber acceleration data measured in the MD for two primary air pressures and two collector positions. This figure shows that fiber acceleration in the MD was zero at the die but increased very rapidly to a maximum value of approximately 120,000 m/s/s at a distance 1/2 inch from the die. Acceleration then decreased nearly as rapidly as it increased and a mean acceleration of zero was attained approximately 3 inches from the die. Farther from the die, mean fiber acceleration maintained small negative values. Figure 6 suggests that primary air pressure and collector position had a complex effect on fiber acceleration. When the collector was located close to the die (DCD=12 inches), increasing primary air pressure increased fiber acceleration more rapidly and increased acceleration to a larger value than when the collector was located far from the die (DCD=36 inches). Similarly, increasing air pressure decreased fiber acceleration more rapidly and decreased it to a smaller value when the collector was located close to the die. Figure 7 shows maximum, minimum and mean acceleration values among 20 measurements obtained at each location for one processing condition. This figure shows that the MB process is characterized by a distribution of fiber acceleration values, which is extremely broad at most positions between the die and collector. For example, fiber acceleration values ranged from -84,000 to +94,000 m/s/s at 2.5 inches from the die. Figure 8 shows a set of images used to visualize dynamic aspects of the MB process. Images in this figure were reproduced from high-speed digital cines which were acquired at the die, and 1.5, 3.5 and 7.5 inches from the die. The camera was placed below the fiber stream and the illumination source was placed above the fiber stream so each cine imaged a thin slice of fibers. The die is located near the left edge of Figure 8A and the MD is left-to-right in each image. Cines provided dynamic information in this study and allowed us to observe the physical status and motions of fibers during MB. These images show that fibers undergo fundamental changes between the die and collector. Resin emerging from the die ( Figure 8A ) was attenuated into fibers that were oriented predominantly along the MD and which were mostly isolated from one another. At a distance 1.5 inches from the die ( Figure 8B ), fibers became disoriented although an overall orientation preference along the MD was maintained. At a distance 3.5 inches from the die (Figure 8C ), the total fiber length in the image slice increased substantially. Some fibers were connected or entangled with others and no clear orientation preference was observed. At a distance 7.5 inches from the die (Figure 8D ), the total fiber length in the image slice increased more. A significant amount of fiber was contained in entangled bundles with preferred orientation in the direction perpendicular to the MD. Figure 9 combines fiber diameter, fiber orientation, fiber velocity and fiber acceleration data for one processing condition (4 psi air pressure and 36 inch DCD). When this figure is considered along with Figure 8 , an overall view of the MB process can be obtained.
Figure 3 MEAN FIBER DIAMETER DURING MELTBLOWING
Overall View of the MB Process
Fiber Orientation
Through the whole MB process, fibers were attenuated from a diameter of 368 µm (die hole diameter) to about 5 µm and experienced a length increase of about 5,000. This fact along with fiber velocity changes between the die and collector can explain fiber orientation changes experimentally observed between the die and collector. Figure 9 shows that both fiber length and fiber velocity increased significantly near the die. Consequently, additional fiber length produced in this region could be taken up by increased fiber velocity and no major change in fiber orientation near the die was necessary. Figure 8A shows that little change in fiber orientation was experimentally observed near the die. Figure 9 shows that both fiber length and fiber velocity increased slightly at 1.5 inches from the die. Consequently, at least some additional fiber length produced in this region could be taken up by increased fiber velocity and no major change in fiber orientation was necessary. Figure 8B shows that, although some fiber disorientation occurred in this region, an overall orientation preference along the MD was maintained.
Figure 9 MEAN FIBER DIAMETER, ORIENTATION, VELOCITY AND ACCELERATION; 4 PSI AND 36 INCH DCD
At 3.5 inches from the die, Figure 9 shows that fiber length increased slightly whereas fiber velocity decreased, so additional fiber length produced in this region could not be taken up by increased fiber velocity. Fiber length produced in this region had to accumulate in space by changing fiber orientation. Figure 8Cshows this region contained substantially more fiber length and substantially more fiber disorientation compared to Figures 8A-B At 7.5 inches from the die, Figure 9 shows that fiber elongation increased slightly whereas fiber velocity decreased significantly. Again, additional fiber length produced in this region had to accumulate in space by changing fiber orientation. Figure 8D shows that a significant amount of fiber length accumulated in space in this region by disorienting fibers until preferred orientation perpendicular to the MD was observed.
Fiber Entanglement
Die holes are well-separated in space and fiber entanglement would normally not be expected at the die. Figure 9 shows that fiber orientation was substantially uniform near the die and Figure 8A shows that relatively little fiber entanglement exists near the die. Farther from the die, our experiments showed that fibers not only traveled at different speeds but also in different directions, although the predominant direction of fiber flow was the MD. As discussed previously, the amount of fiber length in a unit volume of space also increased at increasing distance from the die. These factors would be expected to increase the likelihood of fiber contact and entanglement at increasing distance from the die. The amount of fiber entanglement observed in Figure 8 can be seen to increase at increasing distance from the die.
Fiber Attenuation
Two conditions are generally known to be necessary to attenuate fibers: an elongational force and a deformable fiber. When considering these conditions and the data reported in this paper, we may conclude that fibers were attenuated during MB two different ways.
Air Drag Attenuation: Near the die of the MB process, air velocity is maximum and fiber velocity is minimum. Their large difference allows the air flow to interact with fibers to produce a large drag force. At increasing distance from the die (and primary air source), air velocity decreases and fiber velocity basically increases. Since their difference decreases with increasing distance from the die, the drag force decreases and the rate of fiber attenuation from air drag also would be expected to decrease.
Crystallization is known to change deformable fibers into relatively rigid solids which are difficult to elongate. Consequently, the most favorable conditions for attenuating fibers in the MB process would be expected to exist near the die, where the largest drag force exists and fibers are most deformable. The greatest fiber attenuation rate experimentally observed by us occurred near the die, where fibers were oriented predominantly along the MD and fiber velocity increased rapidly and acceleration was huge.
Fiber Contact/Entanglement Attenuation: Fiber contact and connection would be expected to change the velocity and acceleration of fibers. This could constitute a common elongational force operating farther than 2 inches from the die where attenuation from air drag would be expected to be small.
The elongational force associated with fiber contact and entanglement could attenuate fibers during MB if fiber crystallization has not occurred and fibers are still deformable. Our data indicated that most attenuation was completed within 2 inches from the die, but a small amount of attenuation was observed far from the die. Consequently, fiber crystallization may have limited attenuation far from the die even though elongational forces existed in this region.
Conclusions
High-speed imaging and web analysis were used to investigate the MB process in terms of fiber diameter, fiber orientation, fiber entanglement, fiber velocity and fiber acceleration. Processing parameters studied were primary air pressure, DCD and collector surface speed. Impressive changes in fiber velocity and acceleration between the die and collector were measured. We described the MB process in substantial detail and explained important changes in fiber formation in terms of fiber attenuation, attenuation forces and fiber motions. The use of modern high-speed digital imaging techniques made it possible to investigate these fundamental aspects of the MB process.
